This work presents a bistable reflective liquid crystal display. The mechanism is based on the laser-induced adsorption of azo dyes on the polymer-coated glass substrate. This reflective liquid crystal display is very simple to fabricate and can be optically written, erased, and rewritten with a high contrast. A simulation is performed to fit the measured electro-optical characteristics of this device. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2219406͔ Bistable reflective displays have been studied widely over recent years.
The LC and azo dye used in the experiment conducted herein were E7 ͑Merck͒ and Methyl Red ͑MR͒ ͑purchased from Aldrich͒, respectively. The mixing ratio, MR:E7, of these two components was 1 : 99 wt %. Two indium-tinoxide-coated glass slides, separated by 6 m spacers, were used to fabricate an empty cell. One of the two substrates was coated with a polyimide film, and rubbed to promote the homogeneous alignment of liquid crystals; the other was spin-coated using a prepolymer ͑NOA81͒, and irradiated using a nonpolarized UV light ͑ϳ30 mW/ cm 2 ͒ to be polymerized. The homogeneously mixed compound was then injected into the empty cell to produce a dye-doped LC sample. Figure 1 presents the fabrication of this device. It contains a polarizer, which is laminated onto the front substrate ͑rubbed polyimide side͒ of the DDLC film; the transmission axis of the polarizer is perpendicular to LC directors. A quarter-wave plate ͑QWP͒ and a transflective mirror ͑TRM͒ are laminated on the back ͑polymer-coated side͒ of the DDLC film. The angle between the LC directors and the optical axis of the QWP, ⌽, is 45°. Figure 2͑a͒ presents the OFF-state of the PRLCD. The polarizer axis is perpendicular to the LC directors of the homogeneous DDLC film, so the polarization state of the reading beam that is incident onto the DDLC does not change as it passes through the sample. The optical axis of the QWP makes an angle of 45°with the LC director of the DDLC sample; therefore, the incoming linearly polarized light is converted to circularly polarized light. Upon reflection from the TRM mirror and passing through the QWP, the total phase difference of the outgoing beams caused by the QWP is . Therefore, the reflected beam after the QWP is rotated 90°with respect to the incident beam that is incident on the QWP. After it propagates through the DDLC film, the light is crossed by the front polarizer, so the PRLCD is in the dark state. Figure 2͑b͒ presents the white state of the RLCD. A linearly polarized diode-pump solid state ͑DPSS͒ laser light ͑ = 532 nm͒ with an intensity of 150 mW/ cm 2 is employed as a writing beam to switch the DDLC sample from a homogeneous texture to a 45°twisted nematic ͑TN͒ one. The writing beam irradiates the sample from the TRM side ͑backside͒ of the PRLCD; its polarization is parallel the optical axis of the QWF. When the writing beam passes through the QWF, its polarization state does not change, and it makes an angle of 45°with the LC director of the homogeneous cell. The writing beam excites the azo dyes in the sample. These dyes undergo trans-cis isomerization, followed by molecular reorientation and diffusion; they are finally adsorbed onto the surface of the polymer, with their long axes perpendicular to the polarization of the writing beam. to the directions of polarization and of the propagation of the writing beam. [8] [9] [10] The dye adsorption on the other polyimide-coated substrate is weak, since the intensity is decreasing exponentially as the pump beam propagates in the sample due to dye absorption effect. In addition, the rubbed polyimide surface provides a strong anchoring force. As a result, the alignment of LCs near the polyimide-coated substrate remains unchanged. The anchoring force on the LC molecules exerted by the adsorbed dyes on the polymer surface competes with that exerted by the extension of the alignment effect caused by the rubbed polyimide. Therefore, with sufficient adsorbed dyes, the former overcomes the latter; finally a ϳ45°TN structure is formed. In Fig. 2͑b͒ , Mauguin's condition, 2⌬nd / ӷ ͑the twist angle͒, is satisfied in the present case, so the polarization of the incident read beam is rotated by ϳ45°through the written region in the sample. Then, the polarization direction of the beam is the same as the optical axis of the QWP, and is not changed upon reflection from the mirror and passing through the QWP. Finally, the light is reflected backthrough the 45°TN along the paths presented in Fig. 2͑b͒ . The reading beam becomes linearly polarized beam, and its polarization is parallel to the polarizer axis, so the PRLCD is in the white state ͑on͒.
Notably, the 45°TN region can be switched back to homogeneous alignment.
10 A circularly polarized DPSS laser light was used to re-write in 45°TN regions. After the beam passes through the transflective mirror ͑transmission/ reflection ϳ40/ 60͒ and QWF, it was became linearly polarized perpendicular to the LC directors, next to the polymercoated surface. The writing beam caused the adsorbed azo dyes to be orientated to the original texture. Therefore, the DDLC cell returned to its original homogeneous texture and appeared in the dark state.
DiMOS software was employed to simulate the reflected intensity in systems with DDLCs at various LC twisting angles, to confirm the operation proposed in Fig. 2 . All of the components were set in DiMOS as in Fig. 1. Figure 3 present the results. The solid line in Fig. 3͑a͒ shows that the cells with LC twisted through 0°and 45°are in dark and bright states, respectively, if the optical axis of the QWP is at 45°to the director of the LCs. If the optical axis of the QWP is rotated by 45°such that it is parallel to the director of LCs, then the result is reversed, as shown by the dashed line in Fig. 3͑a͒ . Figure 3͑b͒ presents the color dispersion of this PRLCD for the aforementioned setup. The color dispersion is almost zero in the bright state, and is under 10% in the dark state. It is therefore acceptable. Figure 4 shows pictures of the fabricated photoswitchable PRLCD sample. First, a linearly polarized DPSS laser light was used to write "NCKU" ͓Fig. 4͑a͔͒. Then, a circularly polarized DPSS laser light was used to erase the "K" ͓Fig. 4͑b͔͒. A square is rewritten around the K, as presented in Fig. 4͑c͒ . The optical efficiency is ϳ20% due to the transmittance of the polarizer ͑45%͒, reflectance of the TRM ͑60%͒, and transmittance of the LC cell ͑90%͒, and optical loss due to surface reflections. The optical efficiency can be increased by using a higher-reflectance TRM. However, in return, we need a writing beam with a higher intensity. It is also seen that parallax exists in the display shown in Fig. 4 . The parallax which limits the display resolution is caused by the glass substrate and QWP sitting between liquid crystal and transflective mirror ͑Fig. 2͒. The variation of the writing time ͑response time͒ of this PRLCD with the writing intensity was measured using a pump-probe system. A DPSS laser light ͑532 nm͒, which was linearly polarized parallel to the rubbing direction, was incident onto the sample from the polymer surface to excite MR dyes. A He-Ne beam was used to probe the transmission of the sample placed between two crossed polarizers. The transmission axis of the first polarizer was parallel to the rubbing direction. As the TN structure was formed by the irradiation of the DPSS laser, the transmission increased. Figure 5 shows the measured data. Notably, the initial increase in the writing intensity from 50 mW/ cm 2 ͓line ͑a͔͒ to 150 mW/ cm 2 ͓line ͑c͔͒ increases the slope of the curve, so the writing was fast, and also the saturated transmission increased with the acceleration of the adsorption of dye. However, when the intensity of the writing beam is further increased to 250 mW/ cm 2 ͓line ͑d͔͒ or 400 mW/ cm 2 ͓line ͑e͔͒, both of writing speed and saturated transmission decline, because the high-speed adsorption of dye is responsible for a nonuniform alignment of the dye molecules, which, in turn, causes nonuniform LC alignment. The data presented in Fig. 5 indicate that the writing beam with an intensity of 150 mW/ cm 2 is optimal for writing the display. The 10%-90% writing time is ϳ1 min.
The resolution of the photoalignment was finally investigated. A DPSS laser light ͑150 mW/ cm 2 ͒ was normally incident on the sample from the side of the polymer side through a resolution target, so a TN structure was formed accordingly. The result shows that the resolution of the photo-switchable display is better than 20 m.
In conclusion, this study demonstrates the feasibility of a photoswitchable bistable reflective liquid crystal display based on a DDLC film. Its bright/dark states can be switched optically, so the device can be written, erased, and rewritten. A dye-adsorbed polymer film with a writing beam intensity of ϳ150 mW/ cm 2 yielded a writing time of ϳ60 s. The contrast ratio of this display is estimated to exceed 10, and the optical efficiency is ϳ20%. It is easy to fabricate; very convenient to use, and is appropriate for use as a flexible display. Therefore, it has strong potential for practical applications. 
